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EFFECTS OF GUIDANCE AND NAVIGATION SYSTEM 

ERRORS ON THE APOLLO 7 M I S S I O N  

By Melvin R .  Rother 

. SUMMARY 

A study was made t o  determine the e f f ec t s  of guidance and navigation 
(G&N) system e r ro r s ,  i .e .  , gyrodr i f t ,  accelerometer bias , and accelerometer 
sca le  fac tor  e r ro r s  on t h e  powered maneuvers of t h e  Apollo 7 mission. 
Dispersions resu l t ing  from G&N errors  of -70 t o  +TO standard deviat ions 
were calculated f o r  i n e r t i a l  velocity and f l ight-path angle,  a l t i t u d e  
above a spherical  ear th ,  geocentric l a t i t u d e ,  longitude, weight of vehic le ,  
apogee and perigee a l t i t u d e  above a spherical  earth,  argument of perigee,  
and length  of SPS burn. 

The study was designed primarily t o  assist t he  Fl ight  Control Division 
i n  designing t r a j e c t o r i e s  fo r  t he  Ground Simulation Support Computer 
(GSSC), but can also be used t o  analyze t h e  e f f ec t s  of t he  G&N e r ro r s  
on t h e  o r b i t a l  parameters. 

INTRODUCTION 

This note documents the  resu l t s  of a study t o  determine the  e f f e c t s  
of G8.3 system e r r o r s  during the powered maneuvers on Apollo 7 (Mission C). 
The study was requested by the  Fl ight  Control Division ( r e f .  1) and 
supplements the  preliminary dispersion analysis  f o r  Apollo 7. The powered 
maneuvers t h a t  a re  analyzed are  described i n  the spacecraf t  reference 
t r a j e c t o r y  f o r  Mission C ( re fs .  2 and 3 )  since the  operat ional  t r a j e c t o r y  
( r e f s .  4 and 5 )  was not avai lable  when the  data f o r  t h i s  study was gen- 
e ra ted .  Even though the r e s u l t s  presented a re  based on the  reference 
t r a j ec to ry ,  they a r e  applicable t o t h e  powered maneuvers scheduled i n  
the  operat ional  t r a j ec to ry  s ince the maneuvers are  s i m i l a r  t o  those i n  
the  reference t ra jec tory .  

The study is  designed t o  a id  the Mission Simulation Section of t he  
F l igh t  Control Division i n  simulating cases on the  GSSC, but can a l s o  be 
used t o  analyze the  e f f e c t s  of G&JV e r r o r s  on the  various o r b i t a l  parameters. 
The G5SC drive ~.m_rior~ d i s p l p p  & r b g  rnissic~ s i ~ - 5 h t i o n a  which sre  
used t o  t r a i n  both the  flight control  personnel and the  crew. 
i n  this  note are presented i n  parametric p lo ts  of dispersions i n  the  

The data 
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various t r a j ec to ry  parameters as  functions of the G&N system e r r o r s  and 
can be used t o  design t r a j e c t o r i e s  on the  GSSC t h a t  w i l l  cause the  d i f f e r -  
en t  displayed parameters t o  v io la te  t h e i r  l i m i t s .  The violat ions w i l l  
cause f l ight cont ro l le r  ac t ion  i n  Houston which, i n  turn,  w i l l  cause the  
crew t o  take action i n  the simulator a t  the  Kennedy Space Center (KSC).  

ANALYS 13 

Since the GSSC can only simulate gyro d r i f t  e r ro r s ,  accelerometer 
b i a s  e r ro r s ,  and accelerometer scale  f ac to r  e r rors ,  these are  the  only 
G&N system errors  considered. 
from the  Guidance System Operations Plan (GSOP) f o r  Mission C (ref. 6 ) .  
Error sources from 0 t o  70 standard deviat ions were used t o  generate a 
large range of dispersions and t o  show l i n e a r i t i e s  i n  the dispersed 
parameters. 

The magnitude of t he  e r r o r s  were taken 

The Guidance Analysis H i g h  Speed (GAHS) Program ( re f .  7) was used 
t o  ca lcu la te  the  powered-flight dispers ions due t o  the GBSJ e r rors .  The 
GAHS program is  a three-degree-of-freedom, point-mass t r a j ec to ry  program 
t h a t  contains a standard G&N e r r o r  model. Each of the  service propulsion 
system (SPS) maneuvers scheduled i n  the  Mission C reference t r a j ec to ry ,  
except t he  two minimum impulse burns, were modeled i n  the following manner: 
assume platform alignment 30 minutes p r io r  t o  ullage ign i t ion ,  execute 
a 15 second ullage, and burn the SPS engine until the nominal ex te rna l  
AV t a r g e t s  have been achieved. 
the  deorbi t  maneuver. 

A coast  phase t o  400 000 f t  was added t o  

The platform alignment used was a preferred a l i g m e n t  t h a t  set  the  
pht form X-axis  (X,) along the desired velocity-to-be-gained vector  (V ), 
the  Y-axis (YsM) along the cross-product of V and the  vehicle radius  

vector, and the Z-axis (2,) along the cross-product of X 

Hence, t h e  ZsM - XsM plane i s  the pi tch plane f o r  the maneuver and the  

‘SM - ‘SM 
aligned along V 

is i n  XSM. 

i n  the  YsM and Z 

g 

g 
and YsM. SM 

phne is i n  the  yaw plane f o r  t he  maneuver. Since XSM is 
all of the accelerat ion sensed during a nominal maneuver 

Hence, gyro d r i f t  e r ro r s  about t he  X and sca le  f a c t o r  e r r o r s  

have no e f f e c t s  on the powered f l i g h t  maneuvers. 

g’ 
SM 

SM 

RESULTS 

Results of the nominal maneuver simulations a re  presented i n  t a b l e  I. 
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The t r a j ec to ry  parameters a r e  tabulated a t  ullage ign i t ion  and SPS burn 
cutoff f o r  each of the maneuvers and a t  en t ry  in te r face  (400 000 f t )  f o r  
the deorbi t  maneuver. These r e su l t s  a re  used a s  the nominal points f o r  
f igures  1 through 7. Table I1 presents the ex terna l  AV t a rge t s  t h a t  were 
used t o  define the platform alignments f o r  the SPS maneuvers. The infor -  
mation can be used t o  determine whether the maneuvers are  in-plane or  
out-of-plane and, hence, w i l l  help i n  analyzing the e f f e c t s  of Gm e r ro r s  
on the maneuvers. 
in-plane maneuvers while burns 4, 5 ,  and 7 a re  out-of-plane by d i f f e ren t  
angles . 

The t ab le  shuws t h a t  SPS burns 1, 2, and 8 a re  s t r i c t l y  

Figures 1 through 7 present parametric plots  of the  following t r a -  
jec tory  parameters as  functions of the  G&N e r ro r s  considered i n  t h i s  
analysis :  i n e r t i a l  veloci ty  and fl ight-path,  a l t i t u d e  above a spher ica l  
ear th ,  geocentric l a t i t ude ,  longitude, weight of the  vehicle, apogee 
and perigee a l t i t u d e s  above a spherical  ea r th ,  t r u e  anomaly, 
argument of perigee, and length of t he  SPS burn. 
considered is from -70 t o  +70 standard deviations.  

The range of e r ro r s  

Since the ex terna l  AV maneuvers have been s e t  up with a preferred 
alignment having the  X 

and Zm maneuver a re  along X 

have no e f f e c t  on the maneuvers since t h e i r  sensed accelerat ions a re  zero. 
Scale f a c t o r  e r ro r s  i n  X 

maneuver t o  be more o r  l e s s  than the nominal, but the velocity i s  achieved 
i n  t h e  nominal direct ion.  
by sca le  f ac to r s  i n  X are  i n  the length of the SPS burn and re la ted  SM 
parameters such as  l a t i t ude ,  longitude, and weight a t  cutoff .  The e f f e c t s  
on the  t r a j e c t o r y  parameters of the sca le  f a c t o r  e r ro r s  i n  XsM are  l inear .  

along V a l l  accelerat ions sensed during a nominal 

Therefore, sca le  f a c t o r  e r ro r s  i n  the  Y 
SM g' 

SM' SM 

cause the a c t u a l  veloci ty  achieved during a 

Hence, the most s ign i f i can t  dispersions caused 

SM 

Like the  YsM and ZsM scale  fac tor  e r rors ,  gyro d r i f t  e r ro r s  about 

t he  Xm produce no e f f e c t  on the maneuvers since the Y 

accelerat ions a re  nominally zero. 

t h e  t h r u s t  d i rec t ion  t o  be m i s a l i s e d  i n  the  pi tch plane f o r  the maneuver 
s ince  the  navigation system attempts t o  dr ive the  sensed accelerat ions 
i n  YsM t o  zero. Likewise, gyro d r i f t  e r ro r s  about the Z 

t o  be misaligned i n  the yaw plane, 

and ZsM SM 
Gyro d r i f t  e r ro r s  about the  YsM cause 

cause the t h r u s t  SM 

The biggest  dispersions i n  the o r b i t  parameters such as  apogee a l t i t ude ,  
perigee a l t i t ude ,  t r u e  anamaly, and argument of perigee f o r  in-plane 
maneuvers a re  caused by the misalignment of the  th rus t  i n  the  pi tch plane 
and, hence, r e s u l t  from the gyro d r i f t  about the YSM, For out-of-plane 
maneuvers, the gyro d r i f t  about YsM is no longer the  dominant contr ibutor  
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t o  t he  o r b i t  parameter dispersions.  Gyro d r i f t  e r ro r s  about ZsM gain 

s ignif icance as the  out-of-plane angle increases f o r  the maneuvers. 
e f f e c t s  of gyro d r i f t  e r rors  a re  generally not l i nea r ,  but a re  l i n e a r  
enough t o  approximate results from the  f igures .  

The 

An accelerometer b ias  e r r o r  i n  Xm produces o r b i t  parameter dispers ions 

s i m i l a r  t o  the Xm sca le  f ac to r  e r r o r  but of a l a rge r  magnitude. 

dispersions caused by X 

The 

b i a s  e r ro r s  a re  l i nea r .  A bias  e r r o r  i n  the  

causes the navigation system t o  change the  t h r u s t  d i rec t ion  i n  the  
SM 

yaw plane u n t i l  the  YsM sensed accelerat ion is zero. 

happens f o r  a b ias  e r r o r  i n  the Z 

i n  the  p i tch  plane. 

t o  dispersions f o r  in-plan maneuvers, while biases  i n  YSM become signif- 
i can t  f o r  out-of -plane maneuvers . 

The same th ing  

except the  th rus t  d i r ec t ion  is changed 
SM 

Hence, biases  i n  2 are  the  dominant contr ibutors  
SM 

CONCLUDING REMARIG 

The above discussion indicates  t h a t  t h i s  study can be used not  only 
t o  a s s i s t  the  Fl ight  Control Division i n  designing t r a j e c t o r i e s  f o r  the  
GSSC, but a lso i n  analyzing the e f f ec t s  of G&N er rors  on the  d i f f e ren t  o r b i t a l  
parameters. 
i n  the  operational t r a j ec to ry  a re  d i f f e ren t  from those i n  the  reference 
t r a j ec to ry ,  the dispersions presented i n  t h i s  document a re  applicable 
t o  the  operational t r a j ec to ry  maneuvers s ince the  scheduled maneuvers 
a re  so similar.  
SPS maneuvers t h a t  may be scheduled t h a t  u t i l i z e  the  G&N system ex te rna l  
AVmcde and are s i m i l a r  t o  those used i n  t h i s  analysis.  

Even though the SPS maneuvers scheduled f o r  t he  C mission 

Furthermore, t he  r e s u l t s  w i l l  be applicable t o  any new 
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Maneuver 

SPS-1 

SPS-2 

SPS-4 

SPS- 5 

SPS-7 

SPS-8 

6 

TABLE 11.- EXTERNAL AV TARGETS 

External AV Components* 

AX, f t / s e c  

45 a 25 

-78 30 

111.47 

-66 63 

0.78 

-213 39 

A Y ,  f t l s e c  
~ 

0.00 

0.00 

290.74 

1219.48 

-493 59 

0.00 

AZ, f t / s e c  
~ 

174.65 

-138.69 

-45.79 

-394 78 

-69.28 

263.52 

*Components are i n  t h e  l o c a l  v e r t i c a l  system which i s  
defined as follows : 

t he  Z-axis i s  a uni t  vector along the rad ius  vector 
of the vehicle,  but i s  opposite i n  sign; 

t he  Y-axis i s  a uni t  vector along the  vehic le  ve loc i ty  
vector crossed in to  the  vehicle  rad ius  vector  and so it is  
perpendicular t o  t h e  o r b i t  plane; and 

the  X - a x i s  i s  uni t  vector along the  Y - a x i s  crossed 
i n t o  the Z - a x i s  and so it i s  i n  the o r b i t  plane, perpendicular 
t o  the  radius vector ,  and pos i t ive  i n  the  d i r ec t ion  of motion. 
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(a) Inertial flight-path angle versus scale factor and drift errors. 

Figure 1.- Mission C dispersion at the end o f  the first SPS burn due to  
accelerometer bias, accelerometer scale factor and gyrodrift errors. 
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(b) Inertial flight-path angle versus bias errors. 

Figure 1 .- Continued. 
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(c) Inertial velocity versus scale factor and drift errors. 

Figure 1.- Continued. 
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Standard dev ia t ions ,  Q 

(d) I n e r t i a l  ve loc i ty  versus b i a s  errors.  

F i g u r e  1 .- C o n t i n u e d .  
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Figure 1.- Continued. 
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(9) Apogee altitude above spherical earth versus scale factor and drift errors. 

Figure 1.- Continued. 
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(h) Apogee altitude above spherical earth versus bias errors. 

Figure 1.- Continued. 



(i) Perigee altitude above spherical earth versus scale factor and drift errors. 

Figure 1.- Continued. 



16 

. 

i 

00 

8 

Standard deviations,Q 

(j) Perigee altitude above spherical earth versus bias errors. 

Figure 1.- Continued. 
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(n) Geocentric latitude versus bias errors. 

Figure 1.- Continued. 
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Figure 1.- Continued. 
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(s) Weight versus scale factor and drift errors. 

Figure 1. - Continued. 
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(a? !cer!ia! flicjht-path angle versus scale factor and drift errors. 

Figure 2.- Mission C dispersions at the end of the second SPS burn due to accelerometer bias, 
accelerometer scale factor and gyrodrift errors. 
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Figure 2 .  - Continued. 
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(d) Inertial velocity versus bias errors. 

Figure 2.- Continued. 
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Figure 2 . -  Continued. 
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(h) Apogee altitude above spherical earth versus bias errors. 

Figure 2.- Continued. 
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( i )  Perigee altitude above spherical earth versus scale factor and drift errors. 

Figure 2. - Continued. 
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(n) Geocentric latitude versus bias errors. 
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(r) Argument of perigee versus bias errors. 
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(t) Weight versus bias errors. 

Figure 2.- Concluded. 
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Figure 3.- Mission C dispersions at the end of the fourth SPS burn due to 
accelerometer bias, accelerometer scale factor and gyrodrift errors. 



.056 

.052 

.048 

.044 

,040 

.036 
.- 
2- 
aI - .032 

P 
5 ,028 

P 
+i 

.- - - - m .- 
% 
5 .024 

.020 

.016 

,012 

.008 

.004 

(b) Inertial flight-path angle versus bias errors. 

Figure 3.- Continued. 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 

- 
- 
- 
- 
- 

- 
- 

- 
-100 

48 

-80 -60 -40 -20 0 20 40 60 80 100 
Standard deviations,Q 



49 

t 

I 

I 

25 750 

25 740 

25 730 

25 720 

25 710 
In 
a 

CL . 
5- 25 700 
A 

0 
0 

aJ > 

m 

.- 
Y 

- 
- 25690 
tj 

.- 
Y 

c - 
25 680 

25 670 

25 660 

25 650 

25 640 
-8 0 -6 0 -40 -2 0 0 20 40 60 80 

Standard deviations,C 

(c) Inertial velocity versus scale factor and drift errors. 

Figure 3.- Continued. 



25 708 

25 706 

25 704 

25 702 

25 700 
In 
Q Y- . 
5- 25 698 
Y 

0 
0 

a > 

.- 
- 
- 25696 m 
8 
.- 
Y 

8 - 
25 694 

25 692 

25 690 

25 688 

25 686 
-8 0 -60 -40 -2 0 0 20 40 60 80 

Standard deviations, Q 

(d) Inertial velocity versus bias errors. 

Figure 3.- Continued. 



718 400 

718 300 

718 200 

718 100 

51 - 718 000 r 
r 

al 

. 
% 

717900 .- 
ti 
AZ 
Q 
ul 

717800 
n m 
0 
-0 
3 
Y .- 

717700 

717 600 

717 500 

717 400 

717 300 
-8 0 -6 0 -40 -2 0 0 20 40 60 80 

Standard deviations, cr 

(e) Altitude above spherical earth versus scale factor and drift errors. 

Figure 3.- Continued. 



Standard deviations, Q 

(f) Altitude above spherical earth versus bias errors. 

Figure 3.- Continued. 



53 

270 

260 

250 

240 
.- 
E 

aJ 

a m 
aJ 

-CJ 

2 210 

3 
3 200 
.- 
Y 

190 

180 

170 

160 
-8 0 -6 0 -40 -2 0 0 20 40 60 80 

Standard deviations, 0 

(g) Apogee altitude above spherical earth versus scale factor and drift errors. 

Figure 3 .- Continued. 



230 

228 

226 

224 .- 
E 

S . 
222 . 

5 
2 aJ - 
.- 2 220 
ti 
t 
P In 

aJ 5 

m 
aJ 
-0 

8 218 

3 .- 
Y 

216 
aJ aJ cn 
0 
P a 

214 

2 12 

210 

208 
-80 -60 -40 -2 0 0 20 40  60 80 

Standard deviations, Q 

(h) Apogee altitude above spherical earth versus bias errors. 

Figure 3.-  Continued. 



55 

115.8 

115.7 

115.6 

115.5 .- 
E 

S 

sa 115.4 
5 
;;i 

.- 2 115.3 
&I 

. 
W - 
r 
0. In 

W > 

m 
W 
-0 
3 

a 0 115.2 

Y 

Y 
.- 
3 115.1 
W 
W m 
W 
.- 
L 

a 
115.0 

114.9 

114.8 

114-7 _ _  _._ 
-8 0 -6 0 -40 -2 0 0 20 40 60 80 

Standard deviations, Q 

(i) Perigee altitude above spherical earth versus scale factor and drift errors. 

Figure 3.- Continued. 



56 

Standard deviations, 0 

(j) Perigee altitude above spherical earth versus bias errors. 

Figure 3.- Continued. 



57 

281.578 

281.576 

281.574 

281.572 

281.570 

In 
W 

281.568 
4- 

a, 
-0 
3 
Y .- 
F 281.566 
0 

.A 

281.564 

281.562 

281.560 

281.558 

281.556 

Standard deviations, Q 

(k) Longitude versus scale factor and drift errors. 

Figure 3.- Continued. 



58 

( 1 )  Longitude versus bias errors. 

Figure 3.- Continued. 
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(t) Weight versus bias errors. 

Figure 3 .- Concluded. 
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Figure 6.- Mission C dispersions at  the end of the eighth SPS burn due to 
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( f )  Altitude above spherical earth versus bias errors. 
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(h) Apogee altitude above spherical earth versus bias errors. 
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(n) Geocentric latitude versus bias errors. 

Figure 6. -Continued. 
I 

f 



121 

-8 0 -6 0 -40 -2 0 0 20 40 60 80 

Standard deviations, d 

(01 True anomaly versus scale factor and drift errors. 

Figure 6.- Continued. 



122 

(p) True anomaly versus bias errors. 

Figure 6. -Continued. 
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